Ventral tegmental area (VTA) neurons play roles in reward and aversion. The VTA has, in addition to dopamine neurons, glutamatergic neurons expressing VGluT2. Here, by determining the firing patterns of VTA-VGluT2 neurons expressing channelrhodopsin 2, we identified a major subpopulation of VTA-VGluT2 neurons whose firing rates decreased or were unchanged during sucrose consumption and increased during facial airpuff presentation. We identified a small subpopulation of VTA-VGluT2 neurons whose firing rates increased in response to both rewarding and aversive stimuli. We also found that the changes in firing rate of some VTA-VGluT2 neurons were greater following reward delivery compared with reward omission, whereas others did not differ. We conclude that VTA-VGluT2 neurons are responsive to aversive stimuli, but subpopulations of VTA-VGluT2 neurons are differentially affected by sucrose reward. Reward-responsive subpopulations of VTA-VGluT2 neurons are also divided into those affected by reward expectation alone or the real-time delivery of reward.
HIGHLIGHTS

INTRODUCTION
The ventral tegmental area (VTA) plays crucial roles in the processing of both rewarding and aversive stimuli (Bromberg-Martin et al., 2010; Lammel et al., 2014; Wise, 2004; Barker et al., 2016) . The VTA contains several different types of neurotransmitter-releasing neurons that each play causal roles in reward or aversion (Root et al., 2014a; van Zessen et al., 2012; Lammel et al., 2012; Tan et al., 2012) . Among the most recently described neurons of the VTA are those expressing vesicular glutamate transporter 2 (VGluT2), which release the excitatory neurotransmitter glutamate (Yamaguchi et al., 2007) . VTA VGluT2 neurons are a collection of molecularly heterogeneous neurons mostly found within the midline aspects of the VTA in mouse, rat, nonhuman primate, and human (Yamaguchi et al., 2007 (Yamaguchi et al., , 2011 (Yamaguchi et al., , 2015 Root et al., 2014b Root et al., , 2016 Viereckel et al., 2016; Zhang et al., 2015) . Subsets of VTA VGluT2 neurons solely release glutamate, whereas others co-release glutamate and dopamine or glutamate and GABA (Root et al., 2014b) . Although multiple types of VTA VGluT2 neurons may target the same output structure, it has so far been shown that VGluT2-only neurons project to nucleus accumbens shell, and VGluT2-GABA neurons project to the lateral habenula (Qi et al., 2016; Root et al., 2014b) . VTA VGluT2 neurons have, in addition to their molecular heterogeneity, diverse roles in reward or aversion. Behavioral studies have shown that optogenetic activation of VTA VGluT2 neurons or their axonal terminals elicit aversive or rewarding responses (Root et al., 2014a; Lammel et al., 2015; Wang et al., 2015; Yoo et al., 2016; Qi et al., 2016) . However, the patterns of neuronal activity or synchronization induced by optogenetic activation may not occur under physiological conditions. Thus, to determine the participation of individual VTA VGluT2 neurons in reward or aversion under physiological conditions, we determined the changes in firing rate of optogenetically phototagged VTA VGluT2 neurons in response to sucrose reward or an aversive airpuff stimulus in freely moving mice.
We found that, although most VTA VGluT2 neurons decreased their firing rates during sucrose consumption, a few VTA VGluT2 neurons increased their firing rates. We also found that, although the firing rates of some VTA VGluT2 neurons changed only by the presence of the delivered reward, the firing rates of others did not differ by the presence or omission of the reward. Regarding responses by VTA VGluT2 neurons to the aversive stimulus, we found that the firing rates of most VTA VGluT2 neurons increased in response to airpuff, including those neurons whose firing rates were increased in response to sucrose reward. Based on our results from single-cell in vivo recordings, we conclude that VTA VGluT2 neurons are heterogeneous in their function. We suggest that, under physiological conditions, most VTA VGluT2 neurons signal aversion, whereas some VTA VGluT2 neurons signal salient stimuli.
RESULTS
In Vivo Recordings of VTA VGluT2 Neurons
We injected a Cre-dependent adeno-associated viral vector encoding channelrhodopsin2 (ChR2) tethered to eYFP into the VTA of VGluT2-IRES::Cre mice (VGluT2-ChR2 mice; Figure 1A ). Three weeks later, we implanted into the VTA of these VGluT2-ChR2 mice an organized array of stainless steel microwires, which were surrounded by an optical fiber ( Figure 1B ). We trained mice on a reward task in which sucrose delivery was paired with a CS + , but not paired with a CS -( Figure 1C ). We compared the percentage of reward port entries in response to each cue on their first day of training with that on the recording day, which occurred at a minimum of the third day of training. This comparison yielded a significant cue 3 day interaction, F(1,13) = 56.24, p < 0.001. Pairwise comparisons indicated that, VGluT2-ChR2 mice did not differ in reward port entries in response to either cue on day 1 (p > 0.05), whereas VGluT2-ChR2 mice showed significantly greater reward port entries in response to the CS + compared with the CSon the recording day (p < 0.001) ( Figure 1D ). The discrimination between CS + and CScues by VGluT2-ChR2 mice on the recording day was learned, as indicated by significantly more reward port entries for the CS + on the recording day (at least 3 days of training) than on the first day of training (p < 0.05) and significantly fewer reward port entries for the CS -(p < 0.01) ( Figure 1D ).
Of 246 recorded midbrain neurons, 27 neurons were confirmed to be within the VTA and were optogenetically classified as VGluT2 neurons based on their short latency (mean and SEM: 7.80 G 0.56 ms) and high fidelity (mean and SEM: 0.86 G 0.03) firing in response to 5-ms pulses of 473 nm light (n = 27, Figures 1E and 1F) . We did not detect among the recorded VTA VGluT2 neurons differences between light-evoked waveforms or spontaneous waveforms ( Figure 1G ). We established the distribution of VGluT2 recorded neurons within the VTA by postmortem detection of the tips of the micro-electrode array among the tyrosine-hydroxylase-positive neurons ( Figure 1H ). Recorded VTA VGluT2 neurons were localized to the rostral linear nucleus (n = 13 neurons from 9 microwires), parabrachial pigmented nucleus (n = 10 neurons from 8 microwires), and the paranigral nucleus (n = 4 neurons from 4 microwires) ( Figure 1I ). We found that VTA VGluT2 neurons had diverse waveform characteristics and a wide range of baseline firing rates between 0.5 and 34.4 Hz (mean G SEM: 9.1 G 1.6 Hz).
Firing Rates of VTA VGluT2 Neurons Following Reward Delivery
To determine possible responses of VTA VGluT2 neurons to sucrose reward, we first compared the changes in firing rate of VTA VGluT2 neurons following reward port entries during CS + trials (paired with sucrose delivery) with changes in firing rate following reward port entries during CStrials (not paired with sucrose delivery) (Figure 2A) . We found that following reward port entry on CS + trials, about half of the recorded VTA VGluT2 neurons (n = 13/27) showed at least a 50% decrease in firing rate, whereas about 10% of VTA VGluT2 neurons (n = 3/27) showed at least a 50% increase in firing rate (Figures 2B and 2C) . The changes in firing rate of VTA VGluT2 neurons following CS + reward port entry were significantly greater than the changes in firing rate following reward port entry during CStrials, t(26) = À4.41, p < 0.001 ( Figures 2D and 2E ).
The diminished changes in firing rate of VTA VGluT2 neurons following reward port entry during CStrials compared with CS + trials may reflect different reward expectations or responses to the absence of the reward during CStrials. To differentiate between these two possibilities, we compared the changes in firing rate of VTA VGluT2 neurons following reward port entry during the 90% of CS + trials that resulted in sucrose delivery against the 10% of error trials (CS E ) in which the CS + was played but did not result in sucrose delivery (Figure 2A ). We found that as a group, VTA VGluT2 neurons had a significantly greater change in firing rate following reward port entry during CS + trials compared with CS E trials, t(24) = À2.94, p < 0.01 ( Figures 2F-2J ). However, by a direct comparison of individual neurons' firing rates following reward port entries for CS + or CS E trials, we found that 55.56% of VTA VGluT2 neurons (n = 15) had less than a 50% difference in firing rate between these events ( Figures 2F and 2G ), suggesting that a subpopulation of VTA VGluT2 neurons is responsive to reward expectation regardless of its delivery. In contrast, 44.44% of VTA VGluT2 neurons (n = 12) had at least a 50% difference in firing rate following reward port entry for CS + or CS E trials ( Figures 2I and 2J ), suggesting that a different subpopulation of VTA VGluT2 neurons is responsive to the presence of reward but not to its absence.
Firing Rates of VTA VGluT2 Neurons before Reward
Through video analysis of the times at which mice approached the reward port, we determined whether the changes in firing rate of VTA VGluT2 neurons were related to motor behavior before the receipt of the reward, or in response to the CS + or CScues. We found that 29.6% of VTA VGluT2 neurons (n = 8/27) had at least a 50% change in firing rate during approaches to the reward port while the CS + was played (Figures 3A and 3B) . For those neurons that lack approach-related responses and change firing rate following reward port entry (while the CS + was played), the changes in firing rate began at the offset of the approach that coincided with reward receipt ( Figures 3C and 3D ). Thus the analysis of the approach-related firing appears useful for predicting the responsivity of VTA VGluT2 neurons to reward. (B) Sixteen-channel stainless steel microwire array that was implanted in the VTA for neuronal recordings. Inset shows optical fiber and electrodes. (C) Mice were trained on a sucrose reward task. During training, sucrose delivery was paired to the CS + tone but not to the CStone. (D) Mice learned to make reward port entries in the sucrose delivery port in response to the CS + significantly more than to the CSon the recording day (minimum third day of training), when compared with the first day of training. When two recordings were performed, recording day behavioral data reflect the average performance over both recording days. Data are mean G SEM. (E) Scatterplot of all recorded neurons with median latency to fire an action potential following onset of photostimulation and fidelity to fire an action potential within 100 ms following onset of photostimulation (5 ms, 10-20 mW). Optogenetically identified VTA VGluT2 that met criteria (green dots) and those that did not meet criteria or were outside the VTA (gray dots). Approach duration is shaded in green, with approach onset at time 0 and end of green shading the offset of approach in which the reward port was entered. (B-D) (B) Distribution of VTA VGluT2 neuron changes in firing rate during the CS + approach. Most approach-related firing rates were increases from baseline. VTA VGluT2 neurons that decreased (C) or increased (D) their firing rates at the approach offset, which coincided with reward consumption.
We further assessed whether the changes in firing rate before reward port entry differed with reward expectation by comparing the correlations of changes in firing rate during the two seconds before reward port entry for CS + , CS E , or CStrials. Pre-reward port entry was used as a node for these analyses because some neurons had less than five video-scored approach movements for CSor CS E trials. Changes in firing rate were significantly correlated for all pre-reward port entry conditions ( Figures 3E-3G ). However, the correlation of changes in firing rate before reward port entry for CS + or CS E trials was significantly greater than the correlation between changes in firing rate before CS + or CSreward port entries (z = À2.45, p < 0.05), as well as for the correlation of changes in firing rate before CSor CS E reward port entries (z = 2.29, p < 0.05) ( Figures 3E and 3F ). Thus the changes in firing rate by VTA VGluT2 neurons related to reward-seeking behavior differ when the CS + is played versus the CS -, suggesting that the approach-related firing is sensitive to reward expectancy.
We next determined whether VTA VGluT2 neurons were responsive to learned cues and found that 11.11% of the recorded neurons (n = 3/27) showed at least a 50% change in firing rate from baseline in response to both the CS + and CS -( Figure 4A ). Only one neuron had CS + evoked firing that was clearly greater than the CSevoked response (Figures 4B and 4C) . A different subpopulation of recorded VTA VGluT2 neurons (n = 5/27) had at least a 50% change in firing rate in response to only the CS -( Figures 4D and 4E ).
Firing Rates of VTA VGluT2 Neurons during Aversion
We determined whether the same VTA VGluT2 neurons previously recorded during the reward task (see earlier discussion) were responsive to an aversive stimulus by recording their firing rate in response to an airpuff stimulus ( Figure 5A ). We found that over three-quarters of the recorded neurons (n = 23/27) had at least a 50% increase in firing rate during the airpuff compared with baseline ( Figures 5B and 5C ). We detected a significant increase in baseline firing rates in response to consecutive airpuff stimuli compared with the cue baseline recorded during the reward task, t(26) = À2.18, p < 0.05 ( Figure 5D ). Thus it appears that VTA VGluT2 neurons not only increased their firing rate in response to airpuff, but also entered an elevated state of firing during the consecutive airpuffs. To determine how single VTA VGluT2 neurons respond to both rewarding and aversive stimuli, we compared their changes in firing rate following reward port entry during CS + trials and changes in firing rate during the airpuff stimulus. By a hierarchical cluster analysis, we detected two subpopulations of VTA VGluT2 neurons. We found that, although most VTA VGluT2 neurons had firing rates less than or equal to baseline during reward and increased firing rates during airpuff stimuli (n = 24/27), approximately 10% of the neurons increased their firing rates during both rewarding and aversive events (n = 3/27) ( Figure 5E ).
DISCUSSION
VTA VGluT2 neurons are diverse in their molecular composition (Kawano et al., 2006; Yamaguchi et al., 2007 Yamaguchi et al., , 2011 Root et al., 2014b) , efferent projections (Yamaguchi et al., 2007 (Yamaguchi et al., , 2011 Root et al., 2014b; Taylor et al., 2014) , and synaptic connectivity (Dobi et al., 2010; Root et al., 2014b; Wang et al., 2015; Qi et al., 2016) . In addition, optogenetic studies have implicated VTA VGluT2 neurons in a variety of motivational states, including aversion (Root et al., 2014a; Lammel et al., 2015; Lecca et al., 2017; Qi et al., 2016) , reward Yoo et al., 2016) , perseveration (Kabanova et al., 2015) , depression (Qi et al., 2016) , and sociability (Krishnan et al., 2017) . Here, consistent with the molecular, circuit, and functional diversity among VTA VGluT2 neurons, we demonstrate that there are subpopulations of VTA VGluT2 neurons whose firing rates are altered by sucrose reward, airpuff delivery, learned cues, or reward approach movements.
VTA neurons expressing VGluT2 are in close proximity to neighboring areas containing high concentrations of VGluT2 neurons (e.g., red nucleus, supramammillary nucleus, medial terminal nucleus of the accessory optic tract found in the VTA and surrounding areas) (Yamaguchi et al., 2007) . Thus we utilized fixed organized arrays of stainless steel microelectrodes surrounded by an optic fiber to unambiguously record Continued (E-G) Correlation of changes in firing rate between pre-reward port entry during CS + and CS E trials (E), pre-reward port entry during CS + and CStrials (F), and pre-reward port entry during CSand CS E trials (G). (H) Correlation coefficients of changes in firing rate for pre-reward port entry during CS + and CS E trials, CSand CS E trials, and CSand CS E trials. A significantly stronger correlation was found between changes in firing rate before reward port entries for CS + and CS E compared with correlations involving CS -. *p < 0.05.
VGluT2 neurons located within the VTA. Although this approach allows the precise localization of individual microelectrodes within or outside the VTA, the light is delivered more strongly to microwires proximal to the fiber and less strongly to those distal to the fiber. In addition to light intensity, VTA VGluT2 neurons are known to be significantly more hyperpolarized than other VTA neurons (Hnasko et al., 2012) . Thus these two factors may potentially contribute to the difficulty in the optogenetic identification of VTA glutamatergic neurons when compared with other VTA cell types. In our recordings, we considered a neuron to be ChR2 responsive when the neuron had at least 60% fidelity to fire an action potential in response to 5 ms of 473 nm light and a response latency below 15 ms, as previously implemented by Kravitz and colleagues using fixed organized arrays of microelectrodes . However, other methods and criteria have been used for identifying ChR2-mediated responsive neurons (Cohen et al., 2012; Nieh et al., 2015; Stauffer et al., 2016; Zhang et al., 2013) . We found a mean latency of 7.8 ms for VTA VGluT2 ChR2-responsive neurons. This latency duration is similar to that reported of (B and C) A single VTA VGluT2 neuron that increased its firing rate at least 50% from baseline in response to both the CS + (B) and CS -(C). The CS + evoked response is clearly stronger than the CSevoked response. (D and E) A single VTA VGluT2 neuron that was unresponsive to the CS + (D) but increased its firing rate at least 50% from baseline in response to the CS -(E). macaque midbrain dopamine neurons (Stauffer et al., 2016) but of less duration than that of rat principal entorhinal neurons (Zhang et al., 2013) . Thus it is likely that different cell types require different criterion for defining ChR2-responsive neurons. In our studies, we concluded that most of the neurons with latency greater than 10 ms had small to no change in firing rates during reward; none of the three neurons that increased firing rates to both reward and airpuff were under this category. We found that 7 of 27 VTA VGluT2 ChR2-responsive neurons had latencies greater than 10 ms, but the removal of these neurons from the dataset did not change our conclusion on segregating VTA VGluT2 neurons into neurons that are responsive to an aversive stimulus or neurons that are responsive to salience. This conclusion was also maintained in VTA VGluT2 ChR2-responsive neurons with latencies less than 6.5 ms. Thus, although it is possible that a minority of neurons categorized as ChR2 responsive were influenced by polysynaptic glutamate release, removal of these neurons does not change the conclusions of the study.
Two Major Subpopulations of VTA VGluT2 Neurons Based on Their Firing Patterns in Response to Rewarding or Aversive Stimuli
We identified a subpopulation of VTA VGluT2 neurons whose firing rates decreased in response to sucrose reward but increased in response to an aversive stimulus (airpuff). We suggest that the subpopulation of VTA VGluT2 neurons showing a decrease in firing rate in response to reward and an increase in response to airpuff signals aversion. These VTA VGluT2 neurons are likely to correspond to the previously identified ''type III VTA neurons,'' which are shown to lack both dopaminergic and GABAergic phenotypes and are inhibited during reward but activated by airpuff (Cohen et al., 2012) . One difference between our recordings of VTA VGluT2 neurons and type III VTA neurons is that type III VTA neurons begin decreasing firing rates during the delay period before reward, whereas we found that VTA VGluT2 neurons decrease firing rates at the time of reward port entry. Differences in the freely moving recording conditions performed here and the head-fixed recordings used to identify type III VTA neurons may be responsible for the observed difference in the onset of decreasing firing rates during reward-seeking behavior. Specifically, anticipatory licking behavior occurs in the delay period in the head-fixed recording preparation, whereas licking behavior occurs only following reward port entry in our freely moving preparation. Nevertheless, a role of VTA glutamatergic neurons in aversion is also congruent with electrophysiological recordings in anesthetized rats, showing that a population of non-dopaminergic neurons is excited by aversive stimuli (Ungless et al., 2004) . Consistent with the participation of VTA VGluT2 neurons in aversion, optogenetic activation of fibers from VTA VGluT2 neurons within the lateral habenula or nucleus accumbens shell elicits aversive conditioning (Root et al., 2014a; Lammel et al., 2015; Qi et al., 2016) . We also found that the baseline firing rates of VTA VGluT2 neurons were elevated in response to consecutive airpuff deliveries. This increased baseline firing of VTA VGluT2 neurons may reflect the anticipation of further aversive stimuli.
We identified, in addition to the VTA VGluT2 neurons that signal aversion, a subpopulation of VTA VGluT2 neurons whose firing rates are increased in response to both sucrose reward and airpuff. We suggest that this subpopulation of VTA VGluT2 neurons signals salient stimuli. It is unclear to what extent these glutamatergic neurons overlap with previously reported putative VTA dopamine neurons implicated in signaling salience in primates (Matsumoto and Hikosaka, 2009b; Bromberg-Martin et al., 2010) . However, a recent study demonstrated that VTA glutamatergic neurons are intermingled with dopamine neurons in both nonhuman VTA and human VTA , suggesting the possibility that some nonhuman primate midbrain salience signaling neurons are glutamatergic.
Two Major Subpopulations of VTA VGluT2 Neurons Based on Their Responses to Reward Expectation or the Presence of Reward
We found that most VTA VGluT2 neurons have greater changes in firing rate following reward port entries in response to the CS + compared with the CS -, which suggests a differential expectation of reward. We further determined the extent to which changes in firing rate were due to the absence of reward during Figure 5 . Continued (E) Scatterplot of VTA VGluT2 neuron changes in firing rate during airpuff delivery and following reward port entry during CS + trials paired to sucrose delivery. Two subpopulations of VTA VGluT2 neurons were identified by cluster analysis, those increasing their firing rate in response to both reward and airpuff (green dots) and those increasing their firing rates in response to the airpuff but decreasing or not changing their firing rates in response to reward (red dots). *p < 0.05. CStrials or reward expectancy signaling by the CS + that mice learned to associate with sucrose delivery. By comparing the changes in firing rate following reward port entries in response to ''CS + reward'' trials (CS + paired to sucrose delivery during training days and recording sessions) and to ''CS E error'' trials (CS + paired to sucrose delivery during training days but not during recording sessions) we identified two subpopulations of VTA VGluT2 neurons. In one of these subpopulations, we found that the firing rate of VTA VGluT2 neurons (approximately half of recorded neurons) did not differ between reward port entries for ''CS + reward'' trials and ''CS + error'' trials. Thus we conclude that this subpopulation of VTA VGluT2 neurons is responsive to the expectation of reward and suggest that these neurons correspond to the previously identified ''type III'' VTA neurons, shown to be non-dopaminergic, non-GABAergic, but responsive to the expectation of reward (Cohen et al., 2012) . In the other subpopulation, we found that the changes in firing rate of VTA VGluT2 neurons (approximately half of recorded neurons) were greater during CS + reward trials compared with CS + error trials and suggest that this subpopulation of VTA VGluT2 neurons signals the presence of predicted reward.
Subpopulations of VTA VGluT2 Neurons Based on Their Response to Learned Cues or Reward Seeking
We found, in addition to the increase in firing rates by a major subpopulation of VTA VGluT2 neurons in response to airpuff, a small subpopulation of VTA VGluT2 neurons that selectively signals the CS -. These patterns of responses by VTA VGluT2 neurons parallel those detected in neurons of non-human primate LHb, a structure innervated by VTA VGluT2 neurons (Root et al., 2014b (Root et al., , 2015a Stamatakis et al., 2013) showing increased firing rates in response to CSin a reward task, or airpuff (Matsumoto and Hikosaka, 2009a) . Thus the similarities in firing patterns by both VTA VGluT2 and LHb neurons in response to CSor aversive stimuli provide further evidence for the functional connectivity between VTA glutamatergic neurons and LHb neurons. Regarding functional connectivity between VTA VGluT2 neurons and LHb, several studies have shown that LHb photostimulation of fibers from VTA VGluT2 neurons is aversive (Lecca et al., 2017; Lammel et al., 2015; Root et al., 2014a) , but see Yoo et al., 2016 . A different subpopulation of VTA VGluT2 neurons was detected to signal both CS + and CS -. The signaling to both CS + and CShas been previously observed in VTA neurons in primate and rabbit, although their phenotype was not defined (Matsumoto and Hikosaka, 2009b; Bromberg-Martin et al., 2010; Guarraci and Kapp, 1999) .
We also detected a subpopulation of VTA VGluT2 neurons whose firing rates increased while mice were approaching the reward port. Similar approach-related changes in firing rate have been observed in ventral pallidal neurons , which strongly regulate the VTA (Root et al., 2015b) and synapse onto VTA glutamate neurons . Thus we suggest that inputs from the ventral pallidum to VTA VGluT2 neurons are potentially part of a circuit underlying reward approach firing patterns.
Concluding Remarks
We electrophysiologically identified two major subpopulations of VTA VGluT2 neurons, a major subpopulation of VGluT2 neurons whose firing rate decreases in response to sucrose reward and increases in response to airpuff. This subpopulation may play a role in the aversive effects observed in response to optogenetic stimulation of axon terminals from VTA VGluT2 neurons (Root et al., 2014a; Lammel et al., 2015; Lecca et al., 2017; Qi et al., 2016) . The other major subpopulation of VGluT2 neurons increases its firing rate in response to sucrose reward and in response to airpuff, suggesting that this subpopulation may play a role in the rewarding effects observed in response to VTA photostimulation of VGluT2 neurons Yoo et al., 2016) . We also identified a subpopulation of VTA VGluT2 neurons that changes its firing rate whether an expected reward is delivered or not, suggesting that this subpopulation signals reward expectation. We detected another subpopulation of VTA VGluT2 neurons that changes its firing rate when an expected reward is delivered but is unchanged when the expected reward is omitted, suggesting that this subpopulation of neurons signals the presence of reward. We found that some VTA VGluT2 neurons increase their firing rate in response to learned cues or actions to obtain sucrose reward. As VTA VGluT2 neurons are heterogeneous in their molecular composition and circuitry Root et al., 2014b; Qi et al., 2016; Wang et al., 2015) , we suggest that this heterogeneity is likely to contribute to functional diversity among subpopulations of VTA VGluT2 neurons that signal different aspects of motivation. alternating limb movements toward the reward port. Approaches greater than 3 seconds in duration were excluded from analysis.
METHODS
Optogenetic classification. We used organized arrays of microwires with optical fibers similar to those used by Kravitz and colleagues (Kravitz et al., 2013) . Optical Microwire Arrays allow for verification of individual recording sites within brain tissue (Barker et al., 2014) . However, this organization causes light to be delivered more strongly to microwires proximal to the fiber and less to microwires distal to the fiber . To account for differences in light distribution, individual wires were recorded at increasing light intensities (mW). For each neuron, the light intensity that generated the shortest latency responses and highest fidelity was designated as the optimal light intensity . After identification of optimal light intensity, we classified single-units as channelrhodopsin (ChR2)-responsive by the following criterion: (1) median latency to fire less than 15 ms following light onset and (2) greater than 60% fidelity to fire an action potential following light onset.
Electrophysiological analyses. Isolation and separation of individual neural waveforms from background noise and waveforms of other neurons recorded from the same microwire were conducted offline using spike sorting and separation software (SciWorks, DataWave, Loveland CO USA) as previously described . Neural discharges were sorted by waveform parameters, including principal components 1 through 3, peak voltage, spike height, peak voltage time, and voltages at user-defined time cursors. Interspike interval histograms were constructed for each neuron to confirm that no discharges occurred during refractory period (<1.8ms). Cross-correlations were used to confirm that populations of neurons from single microwires were distinct neurons. Waveforms exhibiting signal-to-noise ratios less than 2:1 were discarded. Each mouse was recorded one or two times, typically separated by 5 or 6 days if recorded twice. When similar mean waveform and interspike interval histograms patterns were recorded from the same microwire on both days (Coffey et al., 2015) , only one recording was included in the dataset of optogenetically-identified neurons.
Changes in firing rate were computed using a standardized change ratio, (E -B) / (E + B), where B is the mean baseline firing rate across trials and E is the mean event firing rate across trials. Using this standardized change ratio a 50% change from baseline firing rate during an event equals 0.20 (increase) or -0.20 (decrease), and no change in firing from baseline equals 0. To examine changes in firing rate in response to the CS + or CS -, B equaled the firing rate -150 to 0 ms prior to all cue presentations (cue baseline), and E equaled the firing rate between 0-150 ms following CS + or CS -. The 150 ms duration for cue baseline was chosen to assess firing based on cue presentation without influence of cue-induced movements (Ghitza et al., 2003) . To examine changes in firing rate prior to and following reward-seeking behaviors, B equaled the firing rate from -6 to -3 sec prior to reward port entries (movement baseline), determined by infrared photobeam breaks, and E equaled the firing rate -2 to 0 sec prior to reward port entry (pre-reward) or 0 to 2 sec following reward port entry (post-reward). If reward port entries occurred within 3 sec of each other they were discarded from neural examination. Reward port entries were divided into all reward port entries, trials in which the CS + was played and sucrose was delivered, trials in which the CSwas played without sucrose delivery, or CS E trials in which the CS + played but sucrose was not delivered. Two VTA VGluT2 neurons were recorded without CS E trials. In select analyses, we directly compared the changes in firing rate between two behaviorally matched events under different reward expectation circumstances. To compare the changes in firing rate following reward port entry during CS + and CS E trials, (E -B) / (E + B) , B = the firing rate 0-2 sec following reward port entry on CS + trials, and E = the firing rate 0 to 2 sec following reward port entry on CS E trials. To examine changes in firing rate in response to the airpuff, A equaled the firing rate 200 to 0 ms prior to airpuffs, and B equaled the firing rate 0 to 200 ms during airpuffs.
Histology. Mice were anesthetized with 1-5% isoflurane and anodal current (50 µA, 2 sec) was passed through each microwire to mark the tip location. Mice were then perfused with phosphate buffer (PB, 0.1M, pH 7.4) followed by 4% paraformaldehyde. The brain was extracted and stored in 4% paraformaldehyde for 2h prior to storing overnight in 18% sucrose at 4ºC. Brains were coronally sectioned (40 µm) through the VTA and processed for tyrosine hydroxylase (TH) immunohistochemistry to identify the borders of the VTA. VTA sections were washed in PB, treated with 0.01% H2O2 for 15 min before washing again in PB, pretreated for 1 h in blocking buffer (PB supplemented with 0.1% Triton X-100 and 4% bovine serum albumin), and incubated overnight at 4ºC with blocking buffer supplemented with mouse anti-TH (1:1000, MAB318, Millipore, Burlington, MA USA, RRID:AB_2201528). Brains were then washed in PB, incubated for 1h at room temperature with blocking buffer supplemented with goat anti-mouse biotinylated secondary (BA1000, 1:200, Vector Labs, Burlingame, CA USA), washed in PB, incubated for 1h at room temperature with PB supplemented with avidin-biotinylated horseradish peroxidase (1:200, ABC kit, Vector Labs). Sections were washed in PB and peroxidase reaction was developed with 0.05% 3,3'-diaminobenzidine tetrahydrochloride and 0.003% H2O2. To identify recording sites, sections were mounted on coated slides and incubated in 5% potassium ferrocyanide and 10% HCl. Sections were imaged by a VS120 (Olympus, Center Valley, PA USA) microscope at 20X. The positions of the microwires were identified by their tracks in the brain and the blue potassium ferrocyanide iron deposits. Recordings from microwires localized outside of the tyrosine hydroxylase-labeled VTA were not included. Subdivisions of the VTA were identified based on prior research of tyrosine hydroxylase immunoreactions and mouse brain atlas (Paxinos and Franklin, 2001) .
Statistics.
A 2 (CS) x 2 (Day) repeated measures ANOVA was used to examine acquisition of the reward task. Sidak-adjusted pairwise comparisons evaluated specific changes between days and cues. Paired t-tests were used to evaluate changes in standardized changes in firing rate between two variables. Correlation coefficients of changes in firing rate between two variables were compared by Fisher's r-to-z transformation followed by asymptotic covariance tests (Steiger, 1980, Lee and Preacher, 2013) . A hierarchical clustering analysis and Kmeans principle component analysis was used to determine if neurons clustered into subpopulations based on their changes in firing rate following reward port entries during CS + trials and their changes in firing rate in response to the airpuff. Inspection of the scree plot "elbow" was used to determine number of clusters. Heat plots were constructed in Matlab (Mathworks) using the standardized change in firing rate formula (E -B) / (E + B), where B was baseline and E was each bin of the perievent time histogram for an event. Movement or airpuff bins were 50 ms and cue bins were 10 ms. All tests were performed in SPSS (SPSS, IBM, Armonk NY USA) except cluster analyses, which were performed in R.
